BACKGROUND: Medication nonadherence is a major public health problem. Identification of patients who are likely to be and not be adherent can guide targeted interventions and improve the design of comparative-effectiveness studies.
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Various effective medication adherence interventions exist. [7] [8] [9] Even small improvements in adherence to evidencebased treatment at the population level can improve clinical outcomes for patients. 10, 11 A key challenge in maximizing the benefit and value of certain interventions is identifying populations of patients who are expected to have low adherence. Although technologic advances have enabled real-time adherence monitoring, identification of patients who are likely to adhere or not adhere to treatment at the time of treatment initiation would enable early intervention at the first encounter.
Many attempts have been made to predict medication adherence using routinely collected health care data. 12, 13 Although previously developed medication adherence algorithms have had limited predictive performance, some evidence suggests that using measures of previous adherence to other chronically used medications may be a strong predictor of future adherence
• Various effective medication adherence interventions exist; however, it is critical to identify patients who are at risk of nonadherence to maximize the efficiency of the interventions.
• Many attempts to predict medication adherence using routinely collected electronic health care data have had limited predictive performance.
What is already known about this subject
• Measures of previous adherence to chronic medications were relatively strong predictors of future adherence to newly initiated statins compared with other claims-based measures.
• Addition of previous adherence measures to usual claims-based adherence predictors modestly improved the performance of the models for predicting future adherence.
What this study adds

Study Outcomes
The outcome of interest was adherence to statins in the 365 days following the first dispensation. We measured adherence using proportion of days covered (PDC), defined as the total number of days covered by the dispensed medication supplies in the 365-day follow-up divided by 365. [19] [20] [21] We chose PDC as the measure for adherence as it is 1 of the most frequently used adherence measure in administrative claims data.
Baseline Patient Characteristics
Demographic variables included age and sex. We used claims with services dates occurring during each patient's 365-day baseline period before cohort entry to define an extensive list of variables as potential predictors. These included comorbidities, medication use, and health service utilization measures (e.g., number of physician visits, hospitalized days, or use of colonoscopy, mammography, and vaccinations; Appendix A, available in online article, contains the list of covariates).
We also assessed measures of patient medication burden by counting the number of dispensations of all drugs and the number of unique drug types dispensed during the baseline period; evidence for medication refill synchronization, which indicates patients filling multiple prescriptions on the same day; and the number of concurrently used medications on the cohort entry date. 22 Finally, we assessed proxies of patient medication cost burden, including plan benefit type, total copayment for all drugs during baseline period, and index statin copayment. These variables formed the set of basic potential predictors.
Medications for Previous Adherence Measurement
We measured patient adherence to the following types of medications using dispensations in the 365-day baseline period: angiotensin-converting enzyme (ACE) inhibitors or angiotensin II receptor blockers (ARBs), renin inhibitors, beta blockers, calcium channel blockers, thiazide diuretics, loop diuretics, potassium-sparing diuretics, other antihypertensives, oral anticoagulants, digoxin, antianginal agents, selective serotonin to newly initiated medication.
14-17 However, it is not known how best to measure and use previous medication adherence to predict adherence to a newly initiated drug.
By focusing on statins, one of the most frequently prescribed drug classes in the United States, we sought to systematically evaluate different metrics and chronic medication classes for measuring previous adherence and to assess the added value of these measures of previous adherence to adherence prediction using administrative claims data.
■■ Methods Data Source
We used data from Optum Clinformatics Data Mart, which includes medical and pharmacy claims data (e.g., diagnoses, procedures, and medication dispensations); demographic data; and plan information for patients with commercial insurance plans across the United States administered by a large national insurer. The database has been used extensively for observational research and is part of the U.S. Food and Drug Administration's Sentinel System. 18 The data undergo quality checks by OptumInsight and Sentinel. The use of the data was approved by the institutional review board of Brigham and Women's Hospital, Boston, Massachusetts.
Study Cohort
We identified patients aged 18 years or older who initiated a statin between July 1, 2010, and December 31, 2011. Initiation of a statin was defined as a new statin dispensation following a 365-day baseline period in which patients were required to have continuous enrollment in the health plan and no statin dispensation. The day of the first statin dispensation was defined as the cohort entry date. For patients with multiple eligible cohort entries, only the first was included.
The primary analysis focused on patients who were continuously enrolled in the plan for the 365 days following statin initiation and who had at least 1 dispensation for a medication used for measuring previous adherence in the 365-day baseline period (Figure 1 ). Prior Medication Dispensations reuptake inhibitors (SSRIs), conventional antipsychotics, atypical antipsychotics, other lipid-lowering agents, antidiabetics, osteoporosis drugs, thyroid hormone, nonbiologic diseasemodifying antirheumatic drugs, antiparkinson agents, anticonvulsants, and antiglaucoma agents. We aimed to include a broad range of medications to balance including as many patients as possible in the analysis cohort while focusing on drugs that are intended to treat chronic conditions.
Previous Adherence Measurement
We assessed previous adherence using 7 measures of prescription coverage, drug discontinuation, and dispensation counts identified from the literature ( Table 1) . Measurement was performed over the 365-day baseline period before statin initiation. Measurement for each drug began at the first observed dispensation of the target medication in the baseline period and ended on the statin initiation date. Prescriptions filled before the start of the baseline period, but with days supply that elapsed at the start of the baseline period, were not considered. Medications that were first dispensed in the 90 days immediately preceding statin initiation were excluded to ensure at least a 90-day assessment period for each drug. Switching between medications within the same pharmacologic class was allowed. For patients who used multiple medications for previous adherence measurement, we summarized across drugs by taking the mean, median, maximum, and minimum for each adherence metric.
Statistical Analysis
We tabulated the characteristics of the cohort based on its demographics, previous medication use, comorbidities, health services utilizations, medication burden, and financial burden. We first divided the cohort into a training cohort and a testing cohort in a 1:1 ratio. We selected predictors of future statin PDCs in the training cohort from among the list of covariates other than measures of previous adherence using the least absolute shrinkage and selection operator (lasso). We fit lasso logistic regression models with a binary outcome of good adherence defined as PDC ≥ 80%, with a shrinkage parameter lambda chosen to minimize the models' Bayesian information criterion. Variables with nonzero beta coefficients were selected as predictors of the statin adherence for subsequent models. Appendix B contains the full list of variables selected via the lasso procedure (available in online article).
We then developed multivariable logistic regression models predicting PDC ≥ 80% in the training cohort by including various groups of the lasso-selected variables. For example, we built a model including only demographic characteristics and another model including only comorbidities. Next, we built a model that included all variables selected by lasso from the set of basic predictors. We also built separate univariable logistic regression models in which each of the previous medication measures was included as the only explanatory variable. We then developed models that included all of the variables selected by lasso from the basic set of predictors plus the bestperforming measures of previous adherence.
Finally, we developed a separate model using only data available at the pharmacy at the time of prescription dispensation (i.e., demographics, baseline medication use, index statin type, medication burden, and previous medication adherence) to examine the performance of adherence prediction if medical data are not available.
Each model created in the training cohort was applied to the testing cohort to predict each patient's probability of having a 1-year PDC ≥ 80% for the newly initiated statin. The predicted probabilities were used to calculate c-statistics to compare discrimination across models. We assessed the calibration of the models using calibration plots.
To assess the strength of association between previous adherence and subsequent statin adherence, we fit a modified Poisson regression model using sandwich variance 
Measures based on dispensation counts
Refill counts (counts)
Number of dispensations in baseline period beyond first fill for each drug
Lack of second fills (dichotomous)
Not having a second dispensation of a drug in baseline period when the first dispensation occurred more than 30 days + days supply before the statin initiation
TABLE 1
Definitions of Previous Adherence Measures
estimators, 23 with a binary dependent variable of high adherence (PDC ≥ 80%). We categorized patients into 3 previous adherence groups based on their mean PDC during the baseline period: high previous adherence (mean PDC ≥ 80%), moderate previous adherence (25% ≤ mean PDC < 80%), and low previous adherence (mean PDC < 25%). We compared the probability of having high adherence to statins across previous adherence groups, adjusting for all previously selected predictors via lasso regression.
Expanded Cohort and Subgroup Analyses
To assess the performance of the prediction models in a typical patient population, we conducted an expanded cohort analysis that added patients excluded from the primary study cohort because they had no dispensation of drugs used for previous adherence measurement in the baseline period. Because measures of previous adherence could not be calculated for these patients, we expected that model performance would be lower but that the analysis population would better reflect real-world patient cohorts. In this cohort, we applied the model that included all lasso-selected baseline predictors + mean PDC, since this was 1 of the best performing models in the primary analysis and required only 1 measure of previous adherence. We replaced the missing previous adherence values with the median observed previous adherence measurement from patients in the training cohort. We estimated c-statistics to assess the performance of the model in this expanded cohort.
To examine the performance of individual drug classes for previous adherence measurement, we conducted 4 subgroup analyses in which we restricted the training cohort to patients who used specific classes of medications in the baseline period: (1) antihypertensives, (2) antidiabetics, (3) lipid-lowering agents other than statins, and (4) SSRIs. These medication classes were selected because they are commonly used and are intended to be used chronically.
We then assessed the performance of each of the 4 models in the following 3 cohorts: (1) those in the primary analysis cohort who had nonmissing previous adherence values for the drug class of interest; (2) the entire primary cohort (i.e., those with any previous adherence measurement, not necessarily based on the drug class of interest); and (3) the expanded cohort described earlier in this article.
As a separate sensitivity analysis, we developed and assessed the performance of the adherence prediction models in a cohort including the patients originally excluded for having less than 365 days of follow-up after statin initiation. Statin adherence during follow-up was measured by PDC, accounting for variable length of follow-up. Patients were followed until they were censored or until 365 days, whichever came first, and PDC was calculated using a denominator defined as the length of the varying follow-up period and a numerator defined as the number of denominator days on which drugs were available during that period. We repeated the modeling process as described for the primary cohort in the 50% randomly selected training cohort and assessed the discrimination of the model in the other 50%.
■■ Results Patient Characteristics and Adherence to Statins
We identified 243,051 statin initiators in the database between July 1, 2010, and December 31, 2011; 165,620 had complete follow-up during the 365 days after cohort entry. The primary analysis cohort comprised 89,490 patients (54% of all identified statin initiators) who had at least 1 dispensation for a medication used for previous adherence measurement. The average age of patients in the analysis cohort was 54.6 years (standard deviation [SD] 10.2), and 54.5% were female. The most common comorbidities were hypertension (56.1%), diabetes (26.0%), depression (14.6%), and cancer (13.4%). Frequently dispensed medications during the baseline period included ACE inhibitors (34.7%), beta blockers (25.3%), antidiabetics (25.2%), nonsteroidal anti-inflammatory drugs (22.8%), SSRIs (21.6%), and calcium channel blockers (20.7%). Mean medication synchronization metric was 0.26 (SD 0.21), indicating that many of the patients did not consolidate their medication dispensations. The median PDC for statins was 57.5%, and the 25th and 75th percentiles were 24.7% and 89.6%, respectively; 11.8% of patients had PDCs less than 10%, approximately reflecting the proportion of patients who filled only a single statin prescription. 
Adherence Prediction Models
Using the basic set of predictors selected by lasso models including medication burden as the only explanatory variables yielded the highest c-statistic in the testing cohort (0.614, 95% confidence interval [CI] = 0.609-0.619; Table 2), followed by demographics (0.578, 95% CI = 0.573-0.584) and proxies of drug cost burden (0.575, 95% CI = 0.570-0.581). The model including only comorbidities had the lowest c-statistic (0.540, 95% CI = 0.535-0.545). Combining all of these baseline data components yielded a c-statistic of 0.665 (95% CI = 0.659-0.670).
Among models including only previous adherence measures, the continuous coverage measures achieved the highest c-statistics (range = 0.614-0.666; Table 3 ). Among these, PDC yielded the highest c-statistic for prediction of PDC ≥ 80% during follow-up (c-statistic for the model with max PDC = 0.666, 95% CI = 0.661-0.671). Minimum PDC or minimum continuous measure of medication acquisition (CMA) yielded a slightly lower c-statistic as compared with mean, median, and maximum of the 2, which were all similar. Count measures including the refill counts and lack of second fill achieved the poorest discrimination (c-statistics = 0.533-0.575).
Combining a previous adherence measure with the baseline information increased c-statistics for predicting good adherence (PDC ≥ 80%; Table 3 , models a through d), with addition of mean PDC achieving the highest c-statistic of 0.695 (95% CI = 0.690-0.700) and good calibration confirmed in the calibration plot (plot not shown). Adding combinations of different previous adherence measures to the basic set of predictors selected by lasso did not result in substantive improvement over the model with a single previous adherence measure (Table 3 , models e through g). For a fixed sensitivity of 75%, the specificity of the model improved from 47.7% for the baseline variable-only model to 53.6% for the baseline + mean PDC model. This translates into an improvement in positive predictive value (PPV) from 43.2% to 46.1%. Exclusion of variables defined using medical data yielded c-statistics of 0.687, 95% CI = 0.682-0.692 (Table 3 , model h).
In Appendix B, we present the beta coefficients and odds ratio point estimates for the variables and the intercept from the model, which included all basic predictors + mean PDC. In addition to previous adherence, male gender (odds ratio [OR] = 1.37, 95% CI = 1.31-1.44); history of mammography exams (OR = 1.21, 95% CI = 1.14-1.28); past medical events, including myocardial infarction and stroke; past or current use of oral anticoagulants and nonstatin lipid-lowering drugs; and the use of high-dose statins were strong predictors of good adherence. Information for the model without medical data is also shown in the same table.
A strong association was observed between previous adherence and future adherence after adjusting for all of the predefined clinical variables, despite the modest incremental improvement in predictive accuracy. For patients with mean previous PDC of < 25%, and for those with mean previous PDC 25%-79%, the likelihood of having high adherence to newly initiated statins was 51% lower (risk ratio [RR] = 0.49, 95% CI = 0.46-0.50), and 36% lower (RR = 0.64, 95% CI = 0.62-0.65), respectively, as compared with those with mean previous PDC of 80% and above. 14, 17 we found that previous adherence as a predictor of future adherence was best measured using the PDC. Adding multiple previous adherence measures to the prediction model did not lead to substantive improvement in discriminatory ability over a model with mean PDC as a single previous adherence measure.
Few studies have examined previous medication adherence as a predictor of future adherence. Solomon et al. (2011) described the strength of association between previous nonadherence to medications for chronic medical conditions, defined as having less than 2 prescriptions of the drugs despite having diagnoses for the conditions and very-low future adherence to osteoporosis medication in women. 16 Muntner et al. (2014) reported a strong association between past adherence to antihypertensive medication and the risk of statin discontinuation and low adherence among patients discharged from hospitals for acute myocardial infarction or coronary revascularization.
14 Neither study specifically assessed the extent to which measures of previous adherence improve the performance of models to predict future medication adherence. Our study is the first study to systematically compare the predictive performance of a large number of previous adherence metrics across a large set of drugs used to measure previous adherence. Curtis et al. (2009) previously evaluated improvements in c-statistics for models predicting bisphosphonate adherence in administrative claims data using adherence to other medications. They found that the use of adherence to previous and concurrently used chronic medications such as statins, ACE
Subgroup Analysis and Expansion of Target Patient Population
When we applied the prediction model with baseline variables + mean PDC from the primary analysis to the expanded cohort that included patients with no previous medication adherence measurement, the c-statistic was slightly lower (0.676, 95% CI = 0.672-0.679).
Subgroup analyses restricting to specific classes of medications for previous adherence measurement substantially reduced the number of patients included in the cohort (Table 4) but led to higher c-statistics of up to 0.720 (range = 0.709-0.731). The c-statistics were reduced when the models were applied to the full primary analysis cohort and to the expanded cohort, in which most patients lacked information on previous adherence to these specific medications (c-statistics = 0.671, 95% CI = 0.666-0.676 and 0.663, 95% CI = 0.659-0.667, respectively, for antidiabetics, and 0.669, 95% CI = 0.664-0.674 and 0.661, 95% CI = 0.657-0.665, respectively, for nonstatin lipidlowering drugs). The model that included previous adherence only to SSRIs had similar c-statistics in all 3 testing cohorts (range = 0.661-0.669).
In the sensitivity analysis in which we included patients with less than 365 days of follow-up, the pattern of results was similar to that from the primary analysis (full data not shown), although the c-statistics were consistently slightly lower for the models with previous adherence measures. The model including the basic set of predictors selected by lasso and mean PDC yielded a c-statistic of 0.680 (95% CI = 0.676-0.685).
■■ Discussion
Our large, systematic evaluation found that previous adherence to chronically used medications was associated with 
C-statistics from Models Predicting High Statin Adherence (PDC ≥80%) Based on Previous Adherence Measured Using Only Specific Medication Classes, Applied to Various Testing Cohorts
capture of chronic conditions but would reduce the number of eligible patients, which would potentially limit the generalizability of the prediction models. Future work should examine the effect of different lookback periods on adherence prediction.
Third, we focused the statin adherence outcome on the first year following statin initiation, whereas some patients continued to use the drugs for much longer. However, because monthly PDC for chronic cardiovascular medications tends to stabilize after the first 10 months of treatment, 28 we believe our results should be largely generalizable to adherence behavior in the longer term.
Fourth, patients needed to have baseline use of the selected chronic medications to estimate their previous medication adherence, which was available for 54% of all identified statin initiators. By definition, measures of previous adherence were not applicable to those patients with no use of drugs used to assess previous adherence.
Fifth, the generalizability of our findings may in part be compromised by the introduction of the Centers for Medicare & Medicaid Services Medicare Health Plan Quality and Performance Ratings program, which includes medication adherence programs and which may have led to heightened attention to adherence by the health care providers and insurers or by an introduction of new treatment guidelines and generics that occurred since the study period set in 2010-2011.
Sixth, because our study relied on a claims database as the data source, we were unable to capture primary nonadherence as an outcome. Finally, the study was conducted using a U.S. claims database consisting mostly of commercial insurance beneficiaries, and we evaluated adherence among patients initiating a single chronic medication. We chose statins as our target medication because of their widespread and chronic use for asymptomatic conditions, which are features common to other cardiovascular medications. Future studies should evaluate the generalizability of the study's results to older patients and those with different insurance providers and to other medication classes.
■■ Conclusions
Previous adherence to chronic medications was a strong predictor of future adherence to newly initiated statins and was a stronger determinant than demographic variables, clinical variables, and other medication-based measures. When predicting medication adherence in administrative claims data, whether for targeted adherence improvement interventions or to better design comparative effectiveness research studies, models should include measures of previous medication adherence, such as mean PDC.
inhibitors/ARBs, and SSRIs improved the c-statistics of the prediction model up to 0.70 from the base model's 0.62. 15 An obvious and important difference between this study and ours is the inclusion of adherence measured for medications dispensed both before and concurrent to the bisphosphonates. This is also an important difference between our study and that by Franklin et al. 24 where patient adherence to newly initiated statins for the first 3 months was used to predict future adherence, achieving a model with c-statistics as high as 0.83. Estimating patient adherence before the start of a new medication is useful to determine whether patients are likely to be nonadherent at the time of the initial dispensation because it would enable pharmacists to intervene at a critical time for patients initiating therapy. At the same time, it is important to point out that these prediction methods can be used to achieve improved prediction and intervention in combination and need not be used separately.
We observed good discrimination when we used previous adherence measures from only antidiabetics or only lipidlowering agents other than statins. It is possible that previous adherence behaviors with these drugs are better indicators of future statin adherence. However, because only a small subset of patients used these drugs, models based on only these drugs performed less well when applied to the expanded cohort of all statin initiators as compared with models in which all previous adherence drugs were considered. Future work should focus on identifying the optimal set of previous adherence drugs to predict adherence to statins as well as to other drugs of interest.
The c-statistics of the prediction model without medical data were slightly reduced compared with the full model but still had good discrimination, which is consistent with the findings from previous studies. 17, 24 We built this model with the idea that adherence prediction could happen at the point of a pharmacy visit when only prescription data may be available. For example, the pharmacy or pharmacy benefits manager could identify patients at risk of nonadherence in real time at the point of initial prescription dispensation and use the pharmacy encounter to provide adherence improvement interventions. 25, 26 Limitations Several important limitations of this study should be acknowledged. First, we measured statin adherence in claims data using PDC to define high adherence. Although this has been shown to correlate well with other adherence measures, including drug presence measured by serum levels, and is a widely used measure of adherence, 20,27 dispensation patterns may not exactly correspond to patient medication-taking behavior.
Second, we selected a lookback period of 365 days for the assessment of baseline covariates and of previous adherence. Requiring longer lookback periods may lead to more complete 
